To accomplish fertilization in the oviductal ampulla, ejaculated sperm are required to migrate through the female reproductive tract. However, this fundamental process largely remains unknown. In this study, we focused on the role of oviductal smooth muscle (myosalpinx) contractions in the sperm migration. Administration of prifinium bromide, padrin, to mice effectively suppressed myosalpinx contractions, resulting in a decreased rate of fertilization in a dose-dependent manner, and an abrogation of high-speed back-and-forth/ shuttling flows of oviductal fluids around the isthmus. Regardless of padrin administration, no shuttling flows were found near the ampulla. In the isthmus, sperm formed a tight assemblage that was synchronized with the shuttling flows. The sperm assemblage was gradually loosened and then completely abolished near the ampulla. No sperm assemblage was formed in the isthmus when padrin was administrated. These results suggest that myosalpinx contractions play important roles in the formation of sperm assemblage in the isthmus, and in the transport of the assemblage to the middle region of the oviduct. It is also suggested that the motility of sperm is essential for the migration of sperm from the middle oviductal region to the ampulla.
INTRODUCTION
The oviduct, a duct connecting the periovarian space with the uterus, is indispensable for the transport of sperm and fertilized eggs/embryos to accomplish fertilization and implantation, respectively. The oviduct is comprised of four segments: the uterotubal junction (UTJ), isthmus, ampulla, and infundibulum [1] [2] [3] . The isthmus acts as a storage of ejaculated sperm ascending from the UTJ [4, 5] . The physiological changes, which render sperm competent to fertilize, are collectively called capacitation, which presumably occurs in the isthmus [1, 6, 7] . Following capacitation, sperm acquire hyperactivated motility and are released from the isthmus [8, 9] . Ovulated oocyte-cumulus complex (OCC) is picked up by the infundibulum and stored in the ampulla, where fertilization takes place [3] . Fertilizing sperm enter the OCC, pass through the cumulus matrix, and penetrate the zona pellucida to fuse with the oocyte [10] . According to current concepts, the sperm migration from the isthmus to the ampulla is believed to be regulated by some taxes, including chemotaxis, rheotaxis, and thermotaxis [11] [12] [13] [14] .
The action of peristaltic pumping is generated by wavelike muscular contractions, and is utilized as a fundamentally biomechanical mechanism to transport fluids and materials in the esophagus, intestine, oviduct, and ureter [15, 16] . The oviduct is known to display smooth muscle (myosalpinx) contractions and ciliary beating [17, 18] . The propulsive force of mucosal fluids, which is produced by myosalpinx contractions and ciliary beating, has been suggested to participate in the transport of embryos from the ampulla to the uterus [19] [20] [21] . Chlamydia infection in females results in an increased risk of ectopic pregnancy and eventually in tubal factor sterility [22, 23] . This infectious disease is attributed to the loss of the pacemaker activity of interstitial Cajal cells essential for generating spontaneously slow waves that drive myosalpinx contractions [22] [23] [24] . An excessive intake of caffeine, an agonist of ryanodine receptor and an inhibitor of cyclic nucleotide phosphodiesterase, is also associated with delayed conception, because caffeine abolishes the slow waves and concomitant myosalpinx contractions through activation of glibenclamide-sensitive K ATP channels in the myosalpinx [24] . Moreover, Mü llerian duct mesenchymederived tissue-specific conditional knockout mice lacking riboendonuclease Dicer exhibit complete female infertility [25] . One of the reasons for the female infertility is likely aberrant transport of embryos, which may be caused by the defect in myosalpinx contractions. Thus, myosalpinx contractions play a vital role in the transport of embryos into the uterus. However, little is known about the mechanism of sperm migration through the oviduct; do hyperactivated sperm indeed swim in mucosal fluids of the oviduct? Are sperm, as well as fertilized eggs, transported by the aid of myosalpinx contractions?
In this study, we have focused on the role of myosalpinx contractions in the sperm migration through the oviduct. A synthetic anticholinergic drug, prifinium bromide (padrin) [26] [27] [28] , was applied to suppress myosalpinx contractions. We found that myosalpinx contractions are involved in the formation of sperm assemblage in the isthmus, and in the transport of the assemblage to the middle region of the oviduct. On the basis of the data obtained, a possible mechanism of the sperm migration through the oviduct is proposed.
MATERIALS AND METHODS

Animal Experiments
All animal experiments were ethically carried out according to the Guide for the Care and Use of Laboratory Animals at University of Tsukuba.
Suppression of Myosalpinx Contractions by Padrin
Padrin, 3-(diphenylmethylene)-1,1-dietyl-2-methylpyrrolidinium bromide, was purchased from Nippon Zenyaku Kogyo (Tokyo, Japan). Institute of Cancer Research (ICR)-strain mice (8 wk old; Japan SLC, Shizuoka, Japan) were superovulated by intraperitoneal injection of equine chorionic gonadotropin (5 units; ASKA Pharmaceutical, Tokyo, Japan) followed by human chorionic gonadotropin (hCG; 7.5 units; ASKA Pharmaceutical) 48 h later, as described previously [29, 30] . The female mice were mated with vasectomized mice [31] 12 h after the hCG injection. The oviducts were excised 4 h after mating, placed on petri dishes containing saline (0.2 ml) at 378C, and observed under an SZX16 stereoscopic microscope (Olympus, Tokyo, Japan) equipped with a DP70 CCD camera (Olympus). The frequencies of myosalpinx contractions per 20 sec were counted every 2 min for 16 min. To replace saline with padrin, a piece of Advantec #2 filter paper (Toyo Roshi Kaisha, Tokyo, Japan) was placed in the dish to adsorb saline. A 0.2-ml padrin solution (0.1, 0.5, 1.0, or 2.0 mg/ml of saline) was immediately added to the oviduct 5 min after the oviductal excision, and myosalpinx contractions were continuously observed.
Artificial Insemination
Fresh cauda epididymal sperm of ICR mice (3-5 mo old) were dispersed in a 50-ll drop of a modified Krebs-Ringer bicarbonate solution (ToyodaYokoyama-Hoshi [TYH] medium) [32] free of bovine serum albumin (BSA) at 378C for 15 min. For sperm double-labeling, epididymal sperm were incubated in BSA-free TYH medium (50 ll) containing Hoechst 33342 (2.5 lg/ml; Molecular Probes, Eugene, OR) and MitoTracker Green FM (2.5 lg/ml; Molecular Probes) at 378C for 15 min [33] . Female mice (8 wk old) were superovulated as described above, anesthetized with 0.3 ml of 2.5% tribromoethanol (Sigma-Aldrich, St. Louis, MO) in saline, and artificially inseminated with epididymal sperm 12 h after the hCG injection. An aliquot (50 ll) of epididymal sperm suspension (3 3 10 5 cells/ll) was directly injected into the uterus at a distance of approximately 1 cm from the UTJ using a syringe, as described previously [30] . Immediately after artificial insemination, the female mice were administrated padrin-free saline or padrin (0.5, 1.25, 2.5, or 5.0 mg/kg body weight/injection) for a total of 12 subcutaneous (s.c.) injections at 30-min intervals over a period of 5.5 h. The oocytes were recovered from the ampulla 6 h after artificial insemination and cultured in KSOM medium [34] for 24 h at 378C under 5% CO 2 in air [35] . The numbers of two-cell embryos and unfertilized oocytes were counted and used for estimation of the success rate of fertilization. The numbers of double-labeled sperm located in seven oviductal regions were also counted under an IX-71 fluorescence microscope (Olympus).
Observation of Oviductal Fluid Flows
Superovulated female mice (8 wk old) were mated with vasectomized mice 12 h after the hCG injection and administrated padrin-free saline or padrin (5.0 mg/kg/injection) for a total of eight s.c. injections at 30-min intervals over a period of 3.5 h. The female mice were anesthetized with 2.5% tribromoethanol in saline, as described above. The intact oviduct connecting with the uterus, ovary, and fat pad was pulled out from the dorsal region of mice by using an artery clamp (C-17; Natsume Seisakusho, Tokyo, Japan) 4 h after mating. According to the previously published procedure [36] , 1 ll of 0.2% suspension of fluorescent polystyrene microspheres, FluoSpheres (1-lm diameter; Thermo Fisher Scientific, Waltham, MA) was injected into the region near the ampulla under an SZX16 stereoscopic microscope using a glass microcapillary pipette (30-to 50-lm diameter). The oviduct was then excised, placed on petri dishes containing saline (0.2 ml), and immediately observed at 378C under an IX-71 fluorescence microscope (Olympus) equipped with an ORCA-ER CCD camera (Hamamatsu Photonics, Hamamatsu, Japan). Images were obtained at 10 frames/sec, and processed by MetaMorph Imaging software (Molecular Devices, Sunnyvale, CA). Motions of fluorescent microspheres were analyzed by a Manual Tracking plugin of ImageJ software (http://rsbweb.nih.gov/ij/).
Sperm Migration Through the Oviduct after Mating
Superovulated female mice (8 wk old) were mated with 3-mo-old transgenic mice (B6D2F1-Tg [CAG/su9-DsRed2, Acr3-EGFP] RBGS002Osb) expressing green fluorescent proteins (GFPs) and red fluorescent proteins (RFPs) in the acrosome and mitochondria, respectively [37] , 12 h after the hCG injection. After mating, the female mice were administrated saline or padrin (5.0 mg/kg/injection) for a total of four s.c. injections at 30-min intervals over a period of 90 min. The females were then anesthetized with 0.3 ml of 2.5% tribromoethanol. As described above, the intact oviduct connecting with the uterus, ovary, and fat pad was pulled out from the mice 2 h after mating, placed on petri dishes containing saline (0.2 ml), and directly observed at 378C under an SZX16 fluorescence stereoscopic microscope equipped with a DP80 CCD camera (Olympus). Motions of myosalpinx contractions and sperm in the living oviduct were recorded for 1 min, and the time of movies was compressed from 1 min to 15 sec by using ImageJ software.
Statistical Analysis
Data are presented as the mean 6 SEM (n 3). The Student t-test was used for statistical analysis; significance was assumed for P , 0.05.
RESULTS
Padrin Suppresses Myosalpinx Contractions
A clinical anticholinergic drug, padrin [26] [27] [28] , is widely used to temporarily suppress intestinal peristalsis to conduct rectal palpation and gastroduodenoscopy for diagnostic purposes, and to alleviate tonus, palsy, and hyperanacinesia of the gastrointestinal tract in clinical practices. This drug is one of the anticholinergic/antimuscarinic agents, and is distinguished from the calcium channel-blocking agents, such as pinaverium bromide [28] . To examine whether myosalpinx contractions are suppressed by padrin, fresh oviducts were excised from female mice previously mated with vasectomized mice, put on petri dishes, and treated with padrin-free saline or various concentrations of padrin 5 min after excision of the oviduct. Although myosalpinx contractions around the isthmus persisted for 16 min, the frequency of contractions was gradually decreased in the saline-treated oviduct as time elapsed (Fig. 1A and Supplemental Movie S1; Supplemental Data are available online at www.biolreprod.org). Myosalpinx contractions were inhibited by padrin in a dose-dependent manner; padrin at concentrations of 0.5, 1.0, and 2.0 mg/ml completely suppressed myosalpinx contractions 3, 5, and 11 min after the treatment, respectively. Thus, myosalpinx contractions are effectively suppressed by padrin at least in vitro. We note that atropine (8-methyl-8-azabicyclo[3.2.1] oct-3-yl) 3-hydroxy-2-phenylpropanoate, known as a typical antagonist of muscarinic acetylcholine receptors, did not affect myosalpinx contractions when the oviducts were treated with atropine at concentrations of 0.00068-0.8 mg/ml (data not shown).
Involvement of Myosalpinx Contractions in Fertilization
We next carried out artificial insemination of superovulated mice with epididymal sperm. Different doses of padrin (0, 0.5, 1.25, 2.5, or 5.0 mg/kg/injection) were administrated to females every 30 min for a total of 12 s.c. injections over a period of 5.5 h after insemination (Fig. 1B) . The oocytes were recovered from the ampulla 6 h after insemination, and then cultured for 24 h. When two-cell embryos were defined as fertilized oocytes, the oocytes were all fertilized without padrin administration (Fig. 1, C and D) . The rate of fertilization decreased with increasing doses of padrin. Most oocytes (approximately 85%) remained unfertilized when padrin was administrated at the dose of 5.0 mg/kg/injection. These results suggest that myosalpinx contractions are involved in the fertilization process.
ISHIKAWA ET AL. To clarify how myosalpinx contractions contribute to the fertilization process, superovulated mice were inseminated with epididymal sperm, the nucleus and mitochondria of which had been previously labeled with Hoechst 33342 and MitoTracker, respectively. The inseminated females were administrated saline or padrin (5.0 mg/kg/injection) every 30 min for a total of 12 s.c. injections over a period of 5.5 h, as described in Fig.  1B . Following surgical removal of the oviducts from the mice 6 h after insemination, the localization of fluorescent dye-labeled sperm in the oviduct was observed. Without padrin administration, a large number of sperm (.200 cells) were found in the isthmus, whereas the ampulla contained approximately 20 sperm (Fig. 1, E-G) . When padrin was administrated, the sperm number was less than 50 in the isthmus (Fig. 1, H and I ). Sperm were barely detectable (,five cells) in the ampulla (Fig.  1J) . It is important to note that the number of sperm ascending from the uterus to the UTJ in the padrin-administrated mice at the doses of 1.25 and 5.0 mg/kg/injection was much smaller than that in the control mice (Fig. 1, K and L) .
We divided the oviduct into seven regions (R1-R7), where the isthmus corresponded to R1 and R2, and the ampulla corresponded to R7 (Fig. 2) . Although more than 200 sperm were found at R1 in the saline-administrated mice, the number of sperm at R1 decreased with increasing doses of padrin. Approximately 20 sperm were only present at R1 in the padrinadministrated mice at the dose of 5.0 mg/kg/injection. The sperm number in the region between R2 and R6 was relatively similar among the mice administrated doses of 0, 0.5, and 1.25 mg/kg/injection. Moreover, the number of sperm at R7 decreased with increasing doses of padrin. Notably, there were fewer than five sperm at R7 at the dose of 5.0 mg/kg/injection. Thus, myosalpinx contractions may mainly function in the transport of sperm from the uterus to the isthmus.
Myosalpinx Contractions Generate Shuttling Flows of Oviductal Fluids
We speculated that myosalpinx contractions generate oviductal fluid flows that are implicated in the migration of sperm. To ascertain this possibility, female mice were mated with vasectomized mice and administrated saline or padrin (5.0 mg/kg/injection) every 30 min for a total of eight s.c. injections over a period of 3.5 h (Fig. 3A) . Fluorescent polystyrene microspheres (1-lm diameter) were injected into the oviduct in the region between R6 and R7 4 h after mating, and then the motions of microspheres were analyzed by time-lapse imaging (Fig. 3, B and C, and Supplemental Movie S2). Most microspheres in the saline-administrated mice showed repetitive motions at R1-R4 in the range of 350-650 lm (Fig. 3D) . The flow rates of microspheres were estimated to be approximately 65, 53, 44, and 35 lm/sec at R1, R2, R3, and R4, respectively (Fig. 3E) . Importantly, the repetitive motions were barely observed at R5 and R6, and the range was very narrow (,81 lm). In the case of mice administrated padrin, no repetitive motion of microspheres was found in any oviductal regions examined (Fig. 3C and Supplemental Movie S2). The microspheres exhibited two different motions: a unidirectional motion toward the uterus at R1-R4, and a random drift motion in a very narrow range at R5 and R6 (Fig. 3D and Supplemental Movie S2). Thus, the back-and-forth/shuttling flows of oviductal fluids are generated around the isthmus by myosalpinx contractions, although the oviductal fluids remain motionless in the region near the ampulla. These data also suggest that myosalpinx contractions may not be uniform along the oviduct, at least in the mouse; there are intense myosalpinx contractions only around the isthmus when ejaculated sperm migrate through the oviduct.
A Combination of Oviductal Shuttling Flows and Cell Motility Is Involved in the Migration of Sperm from the Isthmus to the Ampulla
To examine further the migration of ejaculated sperm through the oviduct, female mice were mated with transgenic mice expressing GFP and RFP in the acrosome and mitochondria, respectively [37] . The female mice were then administrated saline or padrin (5.0 mg/kg/injection) every 30 min for a total of four s.c. injections over a period of 90 min. When the living oviducts were pulled out from the salineadministrated mice 2 h after mating and directly observed without surgical excision, tightly packed assemblages of sperm were found at R1 and R2 and loosely packed assemblages of sperm were found at R3 and R4 (Fig. 4A and Supplemental Movie S3). Importantly, the sperm assemblage was synchronized with the shuttling flows of oviductal fluids in the region between R1 and R4. We also observed occasionally that a small portion of the sperm assemblage is incorporated into another assemblage between R1 and R2. At R3 and R4, some sperm were released from the sperm assemblage, and swam with their own motility. Sperm also swam at R5 and R6, where no assemblage was found. In the case of padrin-administrated mice, we failed to observe both myosalpinx contractions and sperm assemblage at R1 (Fig. 4B and Supplemental Movie S3). Indeed, sperm randomly swam in this region. Moreover, consistent with the observation shown in Figures 1 and 2 , a small number of sperm were found in the region between R2 and R6. Most sperm were bound on the surface of epithelial cells and exhibited flagellar motility at R2-R4 (Supplemental Movie S3). These results suggest that the shuttling flows of oviductal fluids produced by myosalpinx contractions may play an important role in the transport of sperm as an assemblage from the isthmus to the middle region of the oviduct (Fig. 4C) . It is also suggested that sperm motility may be required for the migration of sperm with the approach to the ampulla.
DISCUSSION
This study describes the role of myosalpinx contractions in the migration of sperm through the oviduct: the formation of sperm assemblage in the isthmus and the transport of the assemblage from the isthmus to the middle region of the 3 total of 12 s.c. injections over a period of 5.5 h (B). The oocytes were recovered from the ampulla 6 h after artificial insemination, cultured for 24 h, and observed. Prior to the 24-h culture, the fragmented oocytes recovered were excluded (C). The two-cell embryos and unfertilized oocytes were then counted (D). The total numbers of oocytes examined were 27, 45, 39, 72, and 37 in the padrin-administrated mice at the doses of 0, 0.5, 1.25, 2.5, and 5.0 mg/kg/injection, respectively. Inj, injection. Bar ¼ 100 lm. *P , 0.05; **P , 0.01. E-J) Distribution of sperm in the oviduct. Experiments were carried out as described in B, except that epididymal sperm previously double labeled with Hoechst 33342 and MitoTracker were used. The mice were administrated padrin-free saline or padrin (5.0 mg/kg/injection). The regions surrounded by dotted lines in E and H are highlighted in F, G, I, and J. Sperm are indicated by arrows. Bars ¼ 1.0 mm in E and H, 200 lm in F and I, 100 lm in G, and 50 lm in J. K and L) Abundance of sperm in the UTJ. The numbers of sperm in the UTJ (arrowheads) were counted. Bars ¼ 200 lm. *P , 0.05.
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oviduct. Ejaculated sperm have been believed to be capacitated on the surface of epithelial cells in the isthmus, detach from the cells, and swim to reach the oocytes in the ampulla [1, 7] . Our present data show that suppression of myosalpinx contractions by padrin administration results in a remarkably decreased number of sperm ascending from the uterus to the isthmus via the UTJ. Myosalpinx contractions produce unique shuttling flows of oviductal fluids between the isthmus and the middle region of the oviduct. Moreover, regardless of padrin administration, the region near the ampulla displays little or no shuttling flows. Thus, our data suggest that the transport of sperm from the isthmus to the upper oviductal region may be mainly dependent on oviductal fluid flows generated by myosalpinx contractions, and the sperm migration toward the ampulla may be switched by the sperm motility in the middle region of the oviduct.
As ejaculated sperm approach the ampulla, the number of sperm has been reported to dramatically decrease; the sperm numbers in the isthmus and ampulla are found to be .100 and 10-20, respectively, although sperm are abundantly present in the UTJ after mating [37] [38] [39] [40] [41] . Our present data obtained by artificial insemination appear consistent with the above findings. Despite the abundance of sperm in the UTJ 6 h after mating, more than 200 and approximately 20 sperm are found in the isthmus (R1 and R2) and ampulla (R7), respectively. Importantly, the number of sperm transported from the uterus to R1 via the UTJ was decreased by padrin administration in a dose-dependent manner. Thus, myosalpinx contractions may contribute to the transport of sperm from the uterus to the UTJ, and subsequently to the isthmus.
Chemotaxis, thermotaxis, and rheotaxis have been suggested to guide sperm to the oocytes in the ampulla [12] [13] [14] . Because high-speed shuttling flows of oviductal fluids are produced by myosalpinx contractions around the isthmus, these three taxes appear unlikely to be involved in the migration of sperm, at least in the isthmus region. The mode of sperm transport, which is assisted by the shuttling flows around the isthmus, may be explained as follows. Sperm ascending from (R1 and R2) . Some sperm are released from the assemblage at R3 and R4. Then, at R5 and R6, sperm are required to swim toward the ampulla, because no shuttling flows are generated in these regions.
SPERM MIGRATION THROUGH OVIDUCT
the uterus form an assemblage in the isthmus, as described above. The high-speed shuttling flows carry the sperm assemblage back and forth around the isthmus. The sperm assemblage is then transported gradually to the upper region of the oviduct under the back-and-forth motions of oviductal flows. We emphasize that the gradual movement of sperm assemblage is the predominant mechanism for the transport of sperm around the isthmus. However, it is still unclear at present whether the sperm assemblage is already formed in the uterus and UTJ, although myosalpinx contractions participate in the sperm transport from the uterus to the UTJ. We also note that sperm of deer mice (genus Peromyscus) form motile aggregations in vitro [42, 43] . The sperm aggregates are generated by unrelated conspecific sperm in a monogamous strain, whereas sperm of a highly promiscuous strain show the tendency to aggregate with the same male sperm. If the aggregations are implicated in the formation of sperm assemblage in the isthmus, comparative studies between the monogamous and promiscuous strains may provide an intriguing hint for the migration of sperm in the female reproductive tract.
The assemblage of sperm is loosened at R3 and R4, and, consequently, some sperm are released from the assemblage. Since reduced shuttling flows of oviductal fluids are still produced in these regions, the released sperm are required to swim upstream against the current. Rather, sperm may resist the backflow of oviductal fluids to avoid the return to the original location. If so, both motility and rheotaxis of sperm may play a crucial role in the resistance to the backflow. On the other hand, the status of oviductal flows in the region near the ampulla is clearly distinguished from that in the isthmus region. Noteworthy is that oviductal fluids very gently flow through R5 and R6, and hence the sperm motility is essential for the migration from these regions to the ampulla. We speculate that the chemotaxis, possibly in addition to rheotaxis, may start near R5 and R6, which is necessary for the sperm access to the oocytes. Taken together, our data suggest that the migration of sperm may be mediated by myosalpinx contractions around the isthmus, and then by sperm motility near the ampulla.
As described above, peristaltic pumping of myosalpinx contractions has been demonstrated to function in the transport of fertilized eggs/embryos through the oviduct [17] [18] [19] . In the mouse, the embryos need 3.5 days to be transported from the ampulla to the uterus [44] . Our preliminary data indicate that approximately 20% and 100% of mouse oocytes are fertilized 2 and 6 h after natural mating, respectively (unpublished data). Despite the same duct, the time of sperm transit greatly differs from that of embryo transport. This may be explained by the differences in the cell size and motility between sperm and embryos. Indeed, the sizes of embryo and sperm head are 80 and 7 lm in the mouse, respectively [1] . Since the embryo size is much greater than the sperm head size, the transport of embryos through the oviduct may be required for a stronger peristaltic action and/or a faster flow of oviductal fluids. Another possibility is that the myosalpinx contractions that are produced during sperm and embryo transport are completely different from each other. Enhanced myosalpinx contractions may be generated around the isthmus when sperm migrate through the oviduct. In contrast, the embryos may be transported from the ampulla to the uterus by relatively mild myosalpinx contractions that occur uniformly throughout the oviduct. The mechanism underlying the embryo transport in the oviduct still remains to be fully elucidated.
